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X-RAY SPECTROSCOPY OF COOL STARS
M. Gu¨del a
aPaul Scherrer Institut, Wu¨renlingen and Villigen, CH-5232 Villigen PSI, Switzerland
High-resolution X-ray spectroscopy has addressed not only various topics in coronal physics of stars, but has
also uncovered important features relevant for our understanding of stellar evolution and the stellar environment.
I summarize recent progress in coronal X-ray spectroscopy and in particular also discuss new results from studies
of X-rays from pre-main sequence stars.
1. Introduction
X-rays from cool stars are a manifestation of
magnetic fields generated by the internal dy-
namos. This by now classical view has not
changed despite the discovery of new X-ray phe-
nomenology and the development of new theoreti-
cal concepts with which to explain the production
of X-rays around stars (e.g., accretion, outflows,
fluorescence, etc).
However, with increasing detector sensitivities
and the advent of high-resolution spectroscopy,
“stellar environmental issues” have become of
central interest in the area of pre-main sequence
stars. The interplay between accretion disks and
stellar magnetic fields leads to disk instabilities,
ionization and heating of circumstellar material,
chemical reactions in cool molecular gas, accre-
tion flows from the disk to the star, outflows, and
jets, in all of which X-rays either play a key role
or at least provide important diagnostic access.
Limitations of present-day instrumentation
are, however, evident. The following sections
summarize selected topics of X-rays from cool
stars that have been addressed in recent years
using high-resolution spectroscopy from XMM-
Newton and Chandra.
2. Coronal magnetic structure
To derive location, structure, and extent of
stellar magnetic fields, only radio interferomet-
ric methods are available for direct imaging, with
their own severe limitations. X-ray photometric
studies have made use of rotational modulation or
of eclipses (e.g., [1–5]). While appealing for spe-
cific studies of individual objects, such methods
are constrained to exceptional cases or the fortu-
itous eclipse geometry of binaries, and are compli-
cated by intrinsic variability (flares, new emerg-
ing flux) or the superposition of X-rays from two
objects. On the other hand, X-ray spectroscopic
density measurements have opened a new avenue
toward assessing coronal structure.
He-like triplets show ratios between the “for-
bidden” and the “intercombination” line fluxes
that are sensitive to the electron density ne, the
forbidden line being suppressed in high-density
environments [6,7]. Under coronal temperature
and density conditions, transitions of Cv, Nvi,
Ovii, Ne ix, Mgxi, and Sixiii are diagnostically
useful, with some caveats. First, the density-
sensitive range for the latter two exceeds ne ≈
1012 cm−3, values that are probably uncommon
to most solar-like stellar coronae. Second, the
densities to which He-like transitions are sensi-
tive increases with the formation temperature of
the ion. Low densities cannot be explicitly mea-
sured in very hot plasmas. And third, the max-
imum formation temperatures of all ions men-
tioned above are in the range of 1–10 MK, while
active stars reveal dominant electron tempera-
tures up to several tens of MK (e.g., [8]). Sev-
eral Fe lines are also sensitive to ne (e.g., promi-
nent lines of Fexvii and Fexxi; [9,10]) although
blends and inaccuracies in the atomic physics pa-
rameters make their application challenging. Fe
lines were already accessible to EUV spectroscopy
performed by the EUVE satellite [11].
Triplet flux ratios measured in low-activity
stars point to densities common to the solar
corona, i.e., ne ≈ 10
9
− 1010 cm−3 (e.g., [12–17])
at temperatures of a few MK. Magnetically active
main-sequence stars show trends toward higher
ne, typically of a few times 10
10 cm−3, in the cool
plasma as diagnosed for example by Ovii [18–20]
while several subgiant active binaries indicate ne
below the low-density limit of O VII [4,21,22].
A rather surprising - and to the present day
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Figure 1. Fexxi lines of Algol and Capella. The
shaded areas indicate the expected line shapes
for a high-density plasma as reported previously
(from [22]).
controversial - result have been indications for
very high ne (10
12
− 1013 cm−3) derived from
ions forming in hot plasma (e.g., Mgxi, Sixiii,
and Fexxi; see, e.g., [14,23,24], and the work re-
ferring to EUVE summarized in ref. [11]). The
controversies are the following:
• Contradicting measurements using different
instruments; lines that should appear in high-
density environments, and some of which were
indeed reported from EUVE spectroscopy, are
not present in high-resolution spectra obtained
by Chandra, indicating much lower ne ([25,26,22],
see Fig. 1).
•Most high-density measurements straddle the
low-density limit of the respective ion. This cir-
cumstance makes the measurements extremely
vulnerable to inaccuracies in the atomic physics
tabulations, and to unrecognized blends in some
of the lines. Slight modifications then have a
dramatic effect on the implied ne, as can be
nicely seen in the analysis presented by ref. [26].
This work concluded, from a detailed study of
the Chandra HETG spectrum of Capella, that
ne measured by the most reliable Fexxi line ra-
tio, f(λ102.22)/f(λ128.74), is compatible with
the low-density limit of this diagnostic (i.e., ne <
1012 cm−3). The similarity among the high den-
sity values just slightly above the low-density lim-
its for a wide variety of stars points to a problem
in the atomic physics tabulations, while the true
densities remain below the low-density limit [22].
• Some ne measurements tend to be system-
atically different between ionization stages that
Figure 2. Filling factors as a function of the Ovii
flux, derived from densities measured with Ovii
line-flux ratios, for a sample of nearby coronal
stars. Different symbols refer to different scale
height assumptions (from [22]).
have similar formation temperatures. In a study
of the active binary σ2 CrB, for example, densities
derived from He-like triplets, Fexxi and Fexxii
reaches up to a few times 1012 cm−3 whereas
Mgxi suggests ne < 10
11 cm−3 [27].
• Blends, perhaps from as of yet unrecognized
lines, may bias the measured line-flux ratios sys-
tematically. The resolution of this issue requires
very high spectral resolution. Detailed studies
for the Ne ix triplet and for the Mgxi and Sixiii
triplets are available [28,29].
If the density trend described above is real, then
coronal loop pressures should vary by 3–4 orders
of magnitude. This obviously requires different
magnetic loop systems for the different pressure
regimes, with a tendency that hotter plasma oc-
cupies progressively smaller volumes [27,24,30].
The most comprehensive surveys of stellar
coronal ne measurements are those given by refs.
[22] and [29]. These studies concluded that the
surface filling factor (derived from the emission
measure, the measured ne, and a realistic coronal
scale height) of magnetic loops containing cool X-
ray emitting material increases from inactive to
moderately active stars but then “saturates” at
levels of about ten percent (Fig. 2). In the most
active stars, hot coronal loops are added, with a
sharply increasing filling factor. This trend may
be a consequence of increasing magnetic interac-
tion in the corona. As one moves from low to in-
termediate activity levels, more magnetic flux in-
creases the number of active regions. As the pack-
ing of active regions becomes denser, more fre-
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Figure 3. Line-of-sight orbital velocity as a func-
tion of orbital phase, measured from shifts of X-
ray lines in Chandra spectra of Algol. Solid lines
indicate the expected velocities (from [38]).
quent interactions between magnetic features in-
duce more flare-like processes. The increased lu-
minosity, the higher temperatures and the higher
densities are then all a consequence of increased
flaring and chromospheric evaporation in active
regions [31,32].
In general, the inversion problem from line flux
ratios to density is degenerate, however. The sim-
plest solution usually quoted, namely a plasma at
constant density, is the least plausible one. Real-
istic coronae reveal a distribution of electron den-
sities, with infinitely many distributions resulting
in the same line flux ratios. The ratio-derived
densities are not even linear averages across the
emitting volume because of the n2e dependence of
the line fluxes. Denser volumes contribute dispro-
portionately more X-rays than low-density vol-
umes. The flux ratios thus provide information
on possible distributions of volume in density [33].
3. Dynamics from X-ray spectroscopy
Doppler information from X-ray spectral lines
may open up new ways of imaging coronae of stars
as they rotate, or as they orbit around the cen-
ter of gravity in binaries. First attempts are en-
couraging although the instrumental limitations
are still severe. Ref. [34] reported Doppler shifts
with amplitudes of ≈ 50 km s−1 in X-ray lines of
HR 1099. Amplitudes and phases clearly agreed
with the line-of-sight orbital velocity of the sub-
giant K star, thus locating the bulk of the X-
ray emitting plasma on the latter rather than
in the intrabinary region. Periodic line broad-
ening in YY Gem, on the other hand, suggests
Figure 4. Profile of the Fexvii 15.01 A˚ line and
various theoretical profiles, indicating significant
line broadening due to stellar rotation (from [38]).
that both components are similarly X-ray lumi-
nous [35] which is expected because the two M
dwarf components show nearly identical funda-
mental properties. Ref. [21] found Doppler mo-
tions in AR Lac to be compatible with coronae on
both companions if the plasma is close to the pho-
tospheric level. For the contact binary 44i Boo,
periodic line shifts corresponding to a total net
velocity change over the full orbit of 180 km s−1
were found [36]. From the amplitudes and the
phase of the rotational modulation [37], the au-
thors concluded that two dominant X-ray sources,
one very compact and one extended, were present,
both being located close to one of the stellar poles
of the larger companion.
A comprehensive study involving line shifts and
broadening has been presented for the Algol bi-
nary [38]. Periodic line shifts corresponding to a
quadrature velocity of 150 km s−1 clearly prove
that the X-rays are related to the K subgiant
(Fig. 3). However, the amplitude of the shifts
indicates that the source is slightly displaced to-
ward the B star, which may be the result of tidal
distortions of the K star. Excess line broadening
(above thermal and rotational broadening, Fig. 4)
can be ascribed to a radially extended corona,
with a coronal scale height of at least one stellar
radius, which is consistent with expected scale
heights of hot coronal plasma on this star.
4. Abundances: I/FIP and solar models
It is quite well established that the solar corona
and the solar wind show elemental composi-
tions at variance with the composition of the so-
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lar photosphere. In the solar corona, elements
with a First Ionization Potential (FIP) above
≈ 10 eV (e.g., C, N, O, Ne, Ar) show photo-
spheric abundance ratios with respect to hydro-
gen, while elements with a smaller FIP (e.g., Si,
Mg, Ca, Fe) are overabundant by a factor of
a few (“FIP Effect”, [39,40]). Current think-
ing is that a fractionation process, probably in-
volving electric and/or magnetic fields, waves, or
pressure gradients, occurs at chromospheric levels
where low-FIP elements are predominantly ion-
ized and high-FIP elements are predominantly
neutral (e.g., [41,42]). Ions and neutrals can
be affected differently by electric and magnetic
fields.
First recognition of coronal abundance anoma-
lies date back to the earliest stellar spectral X-
ray observations (see summary in [33]). Clar-
ification of trends with FIP, however, required
high-resolution grating spectroscopy. Early ob-
servations with XMM-Newton uncovered a new,
systematic FIP-related bias in magnetically ac-
tive stars: low-FIP abundances are systemati-
cally depleted with respect to high-FIP elements
([43,18,4]; Fig. 5), a trend known as the “in-
verse FIP effect” (IFIP). As a consequence of
this anomaly, the ratio between the abundances
of Ne (highest FIP) and Fe (low FIP) is unusually
large, up to about 10, compared to the solar pho-
tospheric ratio. These trends have been widely
confirmed with the various gratings available on
XMM-Newton or Chandra, for many active stars
(e.g., [44,45]).
Systematic investigations have shown that the
abundance pattern gradually changes from FIP
to IFIP with decreasing activity level (or increas-
ing main-sequence age; [46,47], Fig. 5). In nearby
solar-analog stars, this effect does not mirror an
abundance trend in the photosphere, which usu-
ally shows a composition in agreement with the
solar photosphere [47].
Trends are summarized in Fig. 6 for the low-
FIP elements Fe and Mg and the high-FIP el-
ements Ne and O, as a function of the average
coronal temperature which serves as an activity
indicator. Evidently, the absolute Fe abundance
decreases with increasing activity, while the Ne
abundance slightly increases, leading to a largely
increasing Ne/Fe abundance ratio toward more
active stars. The abundances reported here are
quoted with respect to the solar photospheric
abundances reported in ref. [48], except for Fe
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Figure 5. Coronal abundances as a function of
FIP for the active solar analog 47 Cas B (top;
with a mild IFIP trend) and for the more evolved
χ1 Ori (bottom, with a FIP effect; from [47]).
that is taken from ref. [49].
Fig. 6 shows an anomaly for the O/Ne ratio
which is found at values of 0.3-0.7 times the solar
ratio, apparently regardless of the stellar activ-
ity level. Because both O and Ne are high-FIP
elements, their abundance ratio could reflect the
photospheric ratio. But then, the Sun’s composi-
tion would be anomalous.
The tabulations of several solar element abun-
dances have recently been revised, resulting in
significant discrepancies between solar models
and helioseismological results (see ref. [50] and
references therein) unless further solar abun-
dances were also different. A Ne abundance
higher by a factor of at least 2.5 than hitherto as-
sumed would be needed. Therefore, ref. [47] were
first to point out that the systematically non-solar
O/Ne abundance ratio (by a similar factor) calls
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Figure 6. Coronal abundances of Fe and Ne (top),
and ratios of Mg/Fe and O/Ne for various stars,
shown as a function of the average coronal tem-
perature (from [33]).
for a revision of the solar Ne abundance tabula-
tion which at the same time would solve the solar
helioseismology problem. This was subsequently
further elaborated by ref. [51] who suggested a
factor of 2.7 upward revision of the adopted solar
Ne abundance.
Two directions should be taken to verify this
suggestion. First, further abundances of low-
activity solar-analog stars should be derived. So
far, agreement with solar values have been re-
ported for α Cen A [17], Procyon [16], and for
β Com, the latter with large error bars, however
[47]. There seems to be a trend toward higher
O/Ne ratios in Fig. 6 indeed. New results for α
Cen have been reported by J. Schmitt (these pro-
ceedings). Second, verification of the solar Ne/O
ratio is needed. Although Ne cannot be measured
Figure 7. Emission measure distributions of the
WTTS HD 283572, the ZAMS star EK Dra, the
giant 31 Com, the G star ξ Boo, and the Sun.
Note the steep slopes above logT ≈ 6.5 (from
[55]).
directly in the photosphere, the Ne/O ratio can
be derived from coronal measurements the same
way as done for stellar observations. Recent anal-
ysis of solar active region X-ray spectra and of
EUV spectra from transition-region levels [52,53]
both report the standard Ne/O abundance ratios,
rejecting an upward correction of Ne. The issue
should therefore be considered to be open for the
time being. A FIP-related enrichment of Ne in
active corona remains a viable possibility.
5. Young stars: New phenomenology
5.1. Diskless and non-accreting systems
As we move to younger stages, the stellar envi-
ronment becomes a key ingredient, made up of
circumstellar disks, gas flows from the disk to
the star perhaps along extended magnetospheric
field lines, massive envelopes, and high-velocity
jets accompanied by massive, much slower molec-
ular outflows. In recent years, surprising and un-
expected X-ray phenomenology related to these
features has been uncovered.
Studies of stars that have dissipated their thick
accretion disks and are evolving toward the main
sequence have almost uniformly revealed X-ray
properties in line with findings in young main-
sequence stars: very hot temperatures evident
in broad emission-measure distributions (Fig. 7),
overall low densities (Fig. 8), sub-solar abun-
dances showing an IFIP effect (Fig. 9), and flares.
This holds true for rather evolved pre-main se-
quence objects such as the rapidly rotating K0 V
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Figure 8. Ne ix triplets of PZ Tel, the ZAMS star
AB Dor, and the CTTS TW Hya (Chandra MEG
spectra, from top to bottom; from [54]).
star PZ Tel (P = 0.94 d, age 20 Myr; [54], Fig. 8,
9), but also for the much younger weak-lined T
Tau stars (WTTS, [55,56]; Fig. 7).
Two systems in the TW Hya Association
(TWA), HD 98800 [56] and TWA 5 [57], follow
this trend although both reveal unusually high
Ne/Fe abundance ratios (up to 10). Although
such ratios have been found in evolved binaries,
they seem to be unusual among WTTS.
5.2. Classical T Tau stars: new physics?
The emerging picture for non-accreting stars is
that of a coronal origin of the X-rays in analogy
to more evolved main-sequence stars. Does this
hold for accreting classical T Tau (CTTS) stars?
The first CTTS studied in spectroscopic detail
in X-rays was TW Hya in the TWA. The high-
resolution X-ray spectra from Chandra [58] and
XMM-Newton [59] are full of surprises. First,
and perhaps most notably, the emission line pat-
tern indicates a very cool plasma, dominated
by temperatures around 3 MK, with little hot
plasma. This is unusual for any type of T Tau
stars. Second, the analysis of the Ne ix and Ovii
triplets reveals unusually high densities of order
1012 − 1013 cm−3, the forbidden line of the Ovii
line essentially being absent (Fig. 10). And third,
Figure 9. Element abundances of PZ Tel as a
function of FIP (from [54]).
TW Hya shows an unusually high Ne/Fe abun-
dance ratio of about 10 relative to the solar pho-
tospheric ratio, and the N/O and N/Fe ratios are
enhanced by a factor of 3.
The model proposed by ref. [58] and further
elaborated in [59] relies on magnetically guided
accretion streams from the disk to the star. Ma-
terial falling toward the star reaches near-free fall
velocities, vff = (2GM/R)
1/2, which is a few hun-
dred km s−1 for CTTS. Strong shocks at the pho-
tospheric impact site heat material to
T =
3µmHv
2
ff
16k
(1)
where k is the Boltzmann constant, µ is the mean
molecular weight of the infalling plasma, and mH
is the mass of the hydrogen atom. The density
developing in the shock is four times the pre-shock
density. The latter can be estimated if the global
mass accretion rate, M˙ , and the accretion surface
filling factor, f , are known, as follows:
ne,pre =
M˙
4piR2fvffµmH
(2)
where typical filling factors measured for T Tau
stars are 0.1-10% [60]. Shock temperatures of a
few MK and electron densities ≫ 1010 cm−3 are
thus indeed expected.
The anomalous Ne/Fe (and N/Fe, O/Ne [59,
61]) abundance ratios have been suggested to re-
flect depletion of Fe and O in the accretion disk
where almost all elements condense into grains
except for N [62,63] and Ne [64] that remain in
the gas phase which is accreted onto the star.
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Figure 10. O vii triplet of TW Hya (from [59]).
5.3. Cool plasma, Ne enhancements, high
densities, or what?
Why would a relatively evolved CTTS with a
rather moderate mass accretion rate show X-rays
that are largely dominated by accretion-induced
heating, whereas other T Tau stars, either of
equal age or younger examples in star-forming
regions, show X-rays originating predominantly
from very hot (10-40 MK) coronal plasma (e.g.,
[65])?
To address this question further, two routes
should be taken: i) a statistically meaningful sam-
ple of high-resolution spectra from T Tau stars
should be collected, and ii) the anomalies claimed
to relate to accretion should be critically com-
pared to stars with other properties.
Obtaining X-ray spectra from CTTS is chal-
lenging since only a handful are bright enough
and not subject to strong photoelectric absorp-
tion so as to allow access to cool material and
the relevant He-like triplets. BP Tau has been
analyzed by ref. [66]. While there is evidence
for a suppressed forbidden line in Ovii indicat-
ing electron densities of order logne = 11.5 (lower
than in TW Hya), the overall plasma is domi-
nated by very high temperatures. CR Cha has
been reported to possibly show a low forbidden
line flux in Ovii although the low signal-to-noise
ratio makes this claim tentative [67].
Further grating spectra have been obtained as
part of the XMM-Newton Extended Survey of the
Taurus Molecular Cloud (XEST, [68]). The ex-
ample of T Tau is shown in Fig. 11. The ratio be-
tween its flux in the Ovii line triplet and the flux
Figure 11. XMM-Newton RGS spectrum of T
Tau, showing the the Oviii Lyα and Ovii region.
in the Oviii Lyα line, Ovii/Oviii, is unusually
high even though the bulk of the emitting plasma
is very hot. Such oxygen flux ratios are other-
wise seen in rather evolved main-sequence stars,
but not in active near-ZAMS objects [47]. The
Herbig Ae star AB Aur, prototype of its class, re-
veals an RGS spectrum that is entirely dominated
by cool plasma, with a very prominent Ovii line
triplet but faint Fe lines, the latter dominated by
the lowest species detectable in this range, namely
Fexvii (Fig. 12). Although winds are present in
AB Aur, this object is thought to accrete matter
at a similar rate as T Tau stars (see [69]).
Regardless of the overall, dominant electron
temperature, there is thus evidence for a soft ex-
cess in CTTS compared to WTTS, best expressed
by the Ovii/Oviii flux ratio. While this ratio
is mostly < 0.5 in bright WTTS, it is around
unity in CTTS. These systematics are illustrated
in Fig. 13 where the flux ratio is plotted as a
function of the hydrogen absorption column den-
sity, NH , allowing to estimate the unabsorbed
flux (or luminosity) ratio and to model the equiv-
alent isothermal plasma that would produce the
same flux ratio [70]. Accreting stars show a sys-
tematically higher ratio, indicating a soft excess.
As for electron densities, apart from TW Hya
and BP Tau, no further cases with a clear-cut
suppression of the forbidden line in the Oviii or
Ne ix triplets have been reported. On the con-
trary, both T Tau and AB Aur reveal low densi-
ties (the 1σ error bar reaching to ≈ 4×1010 cm−3
for AB Aur, see Fig. 12; Fig. 11 for T Tau).
A study of the element abundances in the X-ray
sources of WTTS and CTTS, derived from XMM-
Newton RGS spectroscopy, supports the often-
reported trends of increasing abundances with
increasing FIP [70]. Several CTTS and WTTS
show large Ne/Fe ratios (≈ 4 or higher), much
larger than in main-sequence active solar analogs
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Figure 12. RGS spectra of the CTTS SU Aur (top) and the Herbig star AB Aur (bottom; from [69]).
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Figure 13. Flux ratio Ovii/Oviii for CTTS
(filled symbols) andWTTS (open; from [70]). DH
Tau was strongly flaring during the observations.
[47] but similar to RS CVn binaries [46]. In con-
trast, the CTTS SU Aur reveals a low Ne/Fe
abundance ratio of order unity [67,70], similar to
some other massive CTTS [70]. On the other
hand, high Ne/Fe ratios are also found in non-
accreting WTTS, for example in TWA 5 (≈ 10,
as in TW Hya, [57]), HD 98800 (≈ 5 [56]), and in
V773 Tau and V410 Tau [70].
Fig. 14 summarizes results from high-resolution
spectroscopy of TTS with regard to the three X-
ray features claimed to be accretion indicators:
high Ne/Fe abundance ratio, high electron den-
sities, and soft excess. Only two stars, TW Hya
and BP Tau, reveal all three properties to some
extent, although they are expressed considerably
less in the latter. Ne/Fe abundance ratios do not
seem to correlate with accretion, while all CTTS
show a soft excess (as defined above). (The ex-
isting grating spectra of SU Aur, HP Tau/G2,
and HD 283572 contain insufficient information
to place these stars onto the diagram.)
What, then, are the possible origins of these
features? Accretion-shock induced X-rays [58]
remain a possibility although the mechanism of
X-ray escape remains problematic [60,71]. The
low Ovii derived densities in some of these ob-
jects may relate to large surface accretion fill-
ing factors with consequent small mass flux den-
sities and therefore small electron densities (see
Eq. 2) although for stars like T Tau (M˙ ≈ 4.5×
10−8 M⊙ yr
−1, refs. in [68]), the accretion filling
factor would need to be around unity. In the Her-
big star AB Aur, the Ovii forbidden line should
be suppressed additionally by the photospheric
radiation field, which is not observed. Its X-ray
source cannot therefore be located close to the
stellar surface [70]. It is also possible that the
observed Ovii triplets are dominated by coronal
emission, outshining any contribution from high-
density accretion-related plasma. Obviously, this
scenario is difficult to explain, in particular given
the strong excess in the total Ovii flux that is
not usually observed in active coronal sources.
The most consistent trend in accreting stars
X-Ray Spectroscopy of Cool Stars 9
Figure 14. T Tau stars sharing properties that
have been claimed to be accretion indicators
(high ne, soft plasma, Ne and N overabundances).
CTTS are marked in red, WTTS in green. The
annular region for “density” contains objects for
which density measurements are uncertain or not
available.
is the soft excess. Explanations include: i)
accretion-shock heated material [58]; ii) elimina-
tion of the potentially hottest coronal loops by the
accretion streams [72]. iii) Additional mass load-
ing of coronal loops from the accretion streams,
either suppressing the heating efficiency of these
loops [65] or enhancing the cooling such that a
soft excess builds up.
Another class of young soft-excess emitters
have recently been identified in jet-driving CTTS.
Their low-resolution spectra reveal a strong, lit-
tle absorbed soft component from plasma at
a few MK, and a strongly absorbed, flaring
coronal component. Here, the accretion sce-
nario is unlikely given the expected (and ob-
served) strong absorption of X-rays from low-
lying plasma. Rather, shocks formed in the jets
and outflows at some distance from the stars may
be the origin of the X-rays [73,74].
6. Summary and Conclusions
High-resolution X-ray spectroscopy has pro-
vided novel access to stellar coronae by resolving
emission lines from which the composition and
structure of magnetically confined coronal plas-
mas has been derived. There have also been little
anticipated developments such as X-rays related
to the stellar environment, e.g. accretion disks,
accretion flows, and jets. An encouraging array
of new emission models and of implications for
stellar evolution have been described in the lit-
erature. Nevertheless, limitations have rapidly
been reached with the presently available grat-
ing spectrometers. Only few T Tau stars are ac-
cessible to spectroscopic investigations, and some
crucial classes of stars (protostars, brown dwarfs)
are out of reach of these gratings. The next gen-
eration of X-ray satellites should improve on two
parameters: wavelength resolution and sensitiv-
ity. A resolving power of a few 1000 will sys-
tematically access orbit and rotational velocities
of many stars and binaries. Flare plasma flow
velocities of a few 100 km s−1 can be systemati-
cally studied. Further, the problem with unrecog-
nized blends would be dramatically reduced. Sen-
sitivity will be required to study objects in star
forming regions, in nearby open clusters, but also
to access close but faint objects such as evolved
main-sequence stars or brown dwarfs.
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